Objectives: The concept of lethal reperfusion injury in ischemic myocardium has been the subject of controversy. Adenosine administered during reperfusion has been reported to limit lethal reperfusion injury in several studies. On the contrary, it has been reported that cardioprotection may not be achieved with adenosine alone but may occur if adenosine is co-administered with lidocaine. Still other investigators have reported no beneficial effect of adenosine, given with or without lidocaine. If the positive reports are reproducible, they are important both because they provide evidence for the existence of reperfusion injury and establish a rationale for preventing it. Thus, the present study was done to determine if adenosine could limit lethal reperfusion injury in a canine mode1 of regional myocardial ischemia and reperfusion, carefully controlled for baseline predictors of infarct size. Methods: Dogs (n = 37) of either sex were subjected to 90 min of coronary occlusion followed by 3 h of reperfusion. Two groups of dogs received adenosine (1.50 pg/kg/min) intravenously for 155 min starting 5 min prior to the reperfusion. One treated group received adenosine only and a second group received adenosine plus lidocaine (2 mg/kg). Control dogs received a saline infusion. After 3 h of reflow, hearts were excised and infarct size was measured and expressed as a percentage of the ischemic area at risk (AAR). To control for variation in infarct size due to variation in collateral blood flow (CBF), infarct size among groups was compared using ANCOVA, using CBF as the independent variable and infarct size as the dependent v.uiable. Results: Transmural collateral blood flow and AAR were not significantly different between any of the groups. Mean infarct size (adjusted by ANCOVA) in control dogs (n = 9) was 38.1 + 5.3% of the AAR. Neither adenosine (n = 9) nor adenosine plus lidocaine (n = 7) significantly limited infarct size (35.6 + 5.6% AAR and 38.1 f 7.7% AAR, respectively; both P = NS). Conclusions: Intravenous adenosine therapy (150 pg/kg/ min) during reperfusion, whether administered alone or in dogs previously treated with Iidocaine, did not limit infarct size after 90 min of regional ischemia in canine myocardium.
at the end of an ischemic period but die as a direct consequence of the restoration of blood flow. The concept is important because, to the extent that infarct size is due to lethal reperfusion injury rather than pre-existing ischemic injury, adjunctive therapy to prevent it should provide more effective limitation of infarct size than does reperfusion alone.
Several mechanisms of lethal reperfusion injury have been proposed. For example, injury from a burst of oxygen-derived free radicals [l-3] produced either in myocytes or by accumulating neutrophils [4, 5] have been proposed to cause lethal reperfusion injury. Results of some studies have provided support for this hypothesis Time for primary review 8 days.
[5-91. However, in other studies, therapies directed against neutrophils and/or oxygen-derived free radicals have not been shown to limit infarct size [lo-151, casting doubt on the importance of these mechanisms as causes of lethal reperfusion injury. To date, no mechanism has been proven and the very existence of lethal reperfusion injury remains controversial [ 161. Several recent studies suggest that adenosine, or adenosine AZ-receptor agonists, administered during reperfusion can limit myocardial infarct size in dogs [9, . However, in a study by Homeister et al (18) , adenosine by itself did not limit myocardial infarct size, although the combination of adenosine and lidocaine did. Our own analysis of the data from the study of Homeister et al. suggests that their group treated with adenosine plus lidocaine may have yielded a false-positive result which would disappear if infarct size was controlled for variation in collateral blood flow. Collateral blood flow is a major baseline predictor of infarct size in dogs. Moreover, a study using rabbits showed no effect of adenosine, with or without lidocaine, on myocardial infarct size [21] .
If reproducible, the limitation of infarct size by adenosine administered only during reperfusion would provide proof both that lethal reperfusion injury exists and that it can be prevented by therapy. Thus, the present study was undertaken to determine whether treatment during reperfusion, with intravenous adenosine with or without lidocaine, would limit myocardial infarct size in a canine model of ischemia and reperfusion.
Methods

Experimental design
Thirty-seven (37) adult mongrel dogs of either sex were entered into the study. All animals used had packed hematocrits of > 35% and were free of clinically evident disease. The experimental protocol consisted of 3 separate groups and is summarized in Fig. 1 . All dogs were subjected to 90 min of regional ischemia followed by arterial reperfusion for either 4 days (n = 3) or 3 h (n = 34). Dogs treated with adenosine alone received an intravenous adenosine infusion (150 pg/kg/min) starting at 85 min of occlusion (5 min prior to arterial reperfusion) and continuing for 150 min into reperfusion (matching the protocol of [19] ). Because a previous study suggested that prevention of lethal reperfusion injury with adenosine was dependent on concomitant treatment with lidocaine [18], a second group of dogs was treated with the same infusion of adenosine but also received two intravenous injections of lidocaine (2 mg/kg each), given over a 15-s interval, one just after the onset of coronary occlusion and one just before reperfusion. Control dogs received an intravenous infusion of sterile saline throughout the experiment.
Adenosine was obtained from Sigma Company (St. Louis, MO, USA) and lidocaine was from Abbott Laboratories, North Chicago, IL, USA). Adenosine was dissolved in sterile 0.9% saline at a concentration of 1 mg/ml.
Surgical preparation
Dogs were anesthetized with sodium pentobarbital (approximately 40 mg/kg i.v.), following which they were immediately intubated and mechanically ventilated using room air supplemented with oxygen. Dogs were placed on a thermal blanket (#50-7079 Harvard Homeothermic Blanket System, South Natick, MA) and a thermistor probe was placed in the rectum to maintain core temperature at 37°C. A femoral cutdown was performed and the femoral artery and vein were cannulated. The arterial catheter was used to measure blood pressure, to obtain blood samples for measurement of arterial blood gases, and to obtain reference samples for measurement of regional myocardial blood flow by microspheres. The venous catheter was used for administration of drug(s), normal saline, and additional anesthetic as indicated. Arterial blood gases were checked periodically and ventilation settings were adjusted if necessary to maintain the blood gases within the physiological range. A thoracotomy was performed in the 4th intercostal space and the heart was suspended in a pericardial cradle. The left circumflex coronary artery was isolated beneath the atria1 appendage, proximal to its first large marginal branch. Following isolation, a strip of moistened umbilical tape was passed around the vessel for later occlusion. Occlusion was accomplished by snaring the artery into a small plastic tube. Catheters were inserted into the left atrium for microsphere injection and measurement of atria1 pressure. Tween 80 (0.6 ml, 0.05%) was given to desensitize the animal before EXPERIMENTAL PROTOCOL injection of microsphere suspensions containing this detergent. (Although transient hypotension has been previously reported following the initial administration of Tween 80, no dog had any detectable hemodynamic reaction to Tween X0 in the present study.) A 30-min equilibration period was permitted after completion of surgical preparation to assure hemodynamic stability before the onset of coronary occlusion. Left atria1 pressure, arterial pressure, lead II of the electrocardiogram, and pericardial temperature were monitored throughout the experiment. At the completion of the experimental protocol, the heart was excised and processed for post-mortem analysis.
If a dog suffered ventricular fibrillation during the protocol (occlusion or reperfusion), the heart was immediately countershocked with internal paddles using the lowest energy necessary to resuscitate the dog, starting with 5 joules and never exceeding 20 joules. Any dog that could not be successfully resuscitated was excluded from the study. Also, if defibrillation produces epicardial necrosis that compromises accurate measurement of infarct size, the animal is excluded even if defibrillation was achieved. However, in the present study, the latter situation did not occur.
Regional myocardial blood flow
Regional myocardial blood flow was measured using radioactive microspheres before coronary occlusion, 10 min after the onset of occlusion, and 35 min after the onset of reperfusion. Two to three million microspheres (10 +_ 1 pm; New England Nuclear, Boston, MA, USA) labeled with &SC, '13Sn or 14' Ce were injected through a left atria1 catheter. Reference arterial blood samples were withdrawn from the femoral artery at a rate of 7.75 ml/min beginning just before and continuing for 2.5 min after injection.
Postmortem studies 2.4.1. Area at risk
To determine the anatomical boundaries of the previously ischemic and non-ischemic vascular beds, triphenyltetrazolium chloride (TTC) (l%, Sigma Chemical Co.) and monastral blue (4%, Sigma Chemical Co.) were injected simultaneously at 37°C under 120-140 mmHg pressure into the previously occluded left circumflex coronary artery and the left main coronary artery, respectively. The heart was then fixed by coronary perfusion and subsequent immersion in phosphate-buffered 3.7% formalin. The fixed hearts were cut into 8 transverse slices which were weighed and their apical surfaces photographed. The area at risk and area of infarction were identified and traced from an enlarged projection (magnification X 8) of the color slide of each ventricular slice. The area at risk and area of necrosis were quantitated using a digitizing tablet interfaced to an IBM-compatible personal computer.
We have shown previously that TIC macrochemistry provides a valid measure of infarct size compared to microscopic evaluation (r = 0.98) when done following 3 or more hours of reperfusion [ 15,221. However, to ensure that tissue not staining with TTC was indeed necrotic, tissue blocks representing the area at risk were cut and weighed and two microscopic slides were prepared from each tissue sample. In any case where tissue staining with TTC was ambiguous, microscopic slides were examined to distinguish necrotic from non-necrotic myocardium.
2.4.2. Regional myocardial blood jlow Slices were divided into non-ischemic and central ischemic regions for blood flow analysis. The samples were further divided into sub-epicardial, mid-myocardial, and sub-endocardial thirds. Tissue and reference blood radioactivity was counted in a Packard model 5912 gamma counter. Counts were corrected for overlap of isotope spectra and myocardial blood flow was calculated as (tissue counts) X (reference flow)/(reference counts) and expressed as ml/min/g wet weight.
Statistical analysis
Data are expressed as the group mean +s.e.m. The effects of treatment on hemodynamic parameters and preocclusion coronary blood flow at different times in the same animals were analyzed with Student's paired t-test. Analysis of variance (ANOVA) was applied to test for possible differences among groups in hemodynamic parameters, area at risk, and collateral blood flow. To test for differences in the relationship between infarct size and collateral blood flow, analysis of covariance (ANCOVA) was performed, using infarct size as the dependent variable and collateral blood flow as the independent covariate. Adjusted group means generated by the ANCOVA program (e.g., mean infarct size, adjusted for any intergroup variation in collateral blood flow) were compared using Student's t-test. In all analyses, a P-value less than 0.05 was considered statistically significant.
Results
Mortality and animal exclusions
The numbers of animals enrolled in each group and the exclusions are summarized in Table 1 . Thirty-seven (37) Data represent all surviving dogs (n = 26); SBP = systolic arterial blood pressure (mmHg); DBP = diastolic arterial blood pressure (mmHg); HR = heart rate; RPP = rate pressure product (mmHg.mit-'1.
* P < 0.05 compared to control group at the same time. ' P < 0.05 compared to value in the adenosine group at the same time.
dogs were entered into the study. Among control dogs (n = lo), one dog developed lethal ventricular fibrillation (VF) during occlusion. Three dogs developed VF during reflow and all 3 were successfully defibrillated. In the adenosine-treated group (n = 12) 3 dogs developed VF during reflow and none of these dogs could be defibrillated. In the adenosine plus lidocaine (A + L) group (n = IS), 8 dogs developed occlusion VF of which only one was successfully defibrillated. Two (2) dogs developed reflow VF and both were successfully defibrillated. Thus, 26 dogs were included in the final analysis.
3.2. Predictors of myocardial infarct size 3.2.1. Effect of adenosine and/ or lidocaine on hemodynamic parameters Hemodynamic data obtained at baseline and midway during the 90.min occlusion are reported in Table 2 . At baseline, the ADO + LIDO-treated dogs had slightly higher HR, SBP, and DBP compared to control dogs and higher HR and DBP compared to adenosine-treated dogs. During occlusion, the ADO + LIDO-treated dogs had higher SBP compared to control and higher DBP compared to adenosine-treated dogs. Corresponding rate pressure products were also slightly elevated in the ADO + LIDO-treated dogs (see table) . Because of the unexpectedly larger number of dogs with occlusion VF in the ADO + LID0 group, we compared the hemodynamic status of the dogs which died versus those which lived. No significant baseline difference in heart rate, systolic or diastolic blood pressure, or rate pressure product were found. Fig. 2 . The size of the ischemic area at risk and transmural collateral blood flow measured within this area at risk are shown. These two parameters, which are major baseline predictors of myocardial infarct size in dogs, did not differ among the 3 experimental groups.
Area at risk and collateral blood flow
The size of the ischemic area at risk and mean transmural collateral blood flow within the ischemic region for each of the 3 groups are shown in Fig. 2 . There was no significant difference among the 3 groups in either area at risk or collateral blood flow measured at 10 min of the test occlusion. Thus, the two major predictors of myocardial infarct size were comparable among groups.
Myocardial temperature
Recent data indicate that myocardial temperature during coronary occlusion is an independent risk factor for infarct size in rabbit and dog myocardium. Pericardial temperature, measured at 3 times during coronary occlusion was stable over time within individual dogs and mean tempera- ture was similar among the 3 groups, being 37.2, 37.1 and 376°C for control, adenosine, and adenosine plus lidocaine groups, respectively (P = NS).
Myocardial infarct size
The regression of infarct size versus transmural collateral blood flow for individual dogs is shown in Fig. 3 . In control animals there was an inverse relationship between infarct size and collateral blood flow. Neither adenosine nor adenosine plus lidocaine resulted in a significant downward shift in this relationship between infarct size and collateral blood flow (P = NS based on ANCOVA).
Adjusted mean infarct size derived from the ANCOVA analysis is shown in Fig. 4 . In control hearts the adjusted was measured with radioactive microspheres prior to ischemia, midway through the 90-min episode of ischemia, and 35 min after initiation of reperfusion (40 min after onset of drug treatment). Transmural myocardial blood flow did not differ among any group at any of these measurement times. Moreover, flow during reperfusion was not different from flow before occlusion in any group. mean infarct size was 38.1 f 5.3% of the area at risk @AR). Neither adenosine nor adenosine plus lidocaine significantly limited infarct size compared to control (35.6 + 5.6% adenosine; 38.1 f 7.7% adenosine plus lidocaine; P = NS vs. control).
Effect of adenosine on myocardial blood jlow during reperfusion
Comparison of regional transmural myocardial blood flow (ischemic circumflex bed) prior to ischemia, during ischemia, and during reperfusion is shown in Fig. 5 . Neither adenosine nor adenosine plus lidocaine significantly affected transmural regional myocardial blood flow when compared to control hearts. Furthermore, adenosine, with or without lidocaine, did not affect transmural regional myocardial blood flow compared to pre-ischemic flows from the same vascular territory.
Discussion
The purpose of this study was to determine if adenosine reduced lethal reperfusion injury in an open chest model of canine model of regional ischemia and reperfusion. The results demonstrate that adenosine, administered to provide protection during reperfusion, did not limit infarct size in canine hearts following 90 min of regional ischemia and reperfusion.
Comparison with previous studies of adenosine in reperfision injury
These results differ from those of several similar studies reported previously [9, . Therefore, the results of the present study must be considered in light of these previous positive studies.
4.1 .l. Differences in species, duration of coronary occlusion or duration of arterial reflow All of the aforementioned studies were conducted in canine myocardium and therefore species differences cannot account for the observed differences. Two studies [9, 20] utilized 60 min of coronary occlusion while the remaining three used 90 min . The duration of reperfusion varied from 1 to 72 h, after which time infarct size was measured and expressed as a percentage of the area at risk. Thus, neither differences in duration of ischemia nor duration of reperfusion appear to explain the conflicting findings regarding adenosine's efficacy.
Role of lidocaine in an adenosine-mediated effect
Four previous studies of the influence of adenosine treatment during reperfusion on myocardial infarct size included lidocaine in the experimental protocol [9,17-191. In three of these studies, lidocaine was administered to all animals and the necessity of including lidocaine to achieve cardioprotection was not assessed. In our study and all but one of the cited studies, lidocaine was administered in a 2 mg/kg bolus immediately before coronary occlusion and this bolus was repeated just before reperfusion. In one previous study [9] , lidocaine was administered before reperfusion but not before occlusion. In our study, the presence of lidocaine during coronary occlusion was associated with a high incidence of ventricular fibrillation (see below). Whether a similar effect occurred in the other studies is unknown because these data were not reported.
Homeister et al. [ 181 specifically investigated the effect of adenosine on myocardial infarct size, with or without concomitant lidocaine administration. Adenosine limited infarct size only when lidocaine also was administered. The investigators hypothesized that the protective effect of adenosine requires a synergistic interaction with lidocaine. Our present results do not support this hypothesis since adenosine did not limit infarct size when administered either with or without lidocaine. Our results are consistent with those of Goto et al. [21] who reported that lidocaine plus low-dose or high-dose adenosine did not limit infarct size in rabbit myocardium subjected to 30 min of in vivo myocardial ischemia and reperfusion. The explanation for the difference between the present data and the study by Homeister et al. [18] may lie in the individual collateral flow data for each dog. Inspection of their flow data reveals that the dogs in the adenosine plus lidocaine group often had relatively high collateral blood flow compared with that present in dogs of the other groups. Indeed, when we analyzed their infarct and flow data using ANCOVA, adenosine plus lidocaine did not show significant protection. We consider it possible that dogs with low collateral flow (and associated large infarcts) may have not survived the occlusion in the Homesiter et al. study, thereby contributing to a false-positive protective effect.
Influence of dose and route of administration of adenosine
The studies investigating the effect of adenosine on infarct size in canine myocardium have used varying doses and routes of administration of adenosine which might explain some of the differences among various studies. However, the present study was designed to deliver adenosine at the same dose and in the same manner as that described in the first study in which markedly positive results were obtained using intravenous adenosine therapy [ 191. Therefore, no difference in drug dosage or timing of administration can explain the differences in efficacy between the latter study and ours. In the other negative study, by Goto et al. [21] , two different doses of intravenous adenosine (one of which caused significant hemodynamic effects) was tested and neither limited infarct size.
The dogs in this study had somewhat higher heart rates and lower collateral blood flows compared to those in the study of Pitarys et al. [ 191. It is hypothetically possible that because of this difference we did not achieve an equivalent concentration of adenosine in the ischemic bed prior to the onset of reperfusion. However, evaluation of the individual dogs in our study shows no evidence for infarct limitation even in the dogs with higher levels of collateral blood flow (Fig. 4) . Thus, it is unlikely that small differences in collateral blood flow between studies explain the lack of cardioprotection seen in the present study.
Baseline predictors of infarct size
Other possible variables among studies are the methods used to analyze infarct size or baseline predictors of infarct size. It is well known that area at risk and the degree of innate collateral blood flow present during coronary occlusion are the two most important determinants of infarct size in canine myocardium. To control for these factors in our studies, infarct size is measured as a fraction of the area at risk and is assessed with respect to collateral blood flow using ANCOVA, in which infarct size is the dependent variable and collateral blood flow is the independent covariate. Other studies have not included such analysis [9, 18] . Failure to control for variation in baseline predictors of infarct size among animals may lead to false-positive conclusions.
In addition, recent data have shown that myocardial temperature is an independent determinant of myocardial infarct size in both rabbits and dogs [23, 24] . Temperature was carefully controlled throughout our studies to prevent temperature-induced variation in infarct size and pericardial temperature was measured. We found that temperature was stable over time within individual dogs and that mean temperature did not differ among groups (data not shown). No previous studies have assessed this important variable.
In the present study, there was a significant difference in rate pressure product (RPP) between control and the ADO + LID0 groups. However, analysis of the dogs in the ADO + LID0 group showed no significant correlation between RPP and infarct size and the dogs in this group with the smallest RPP's showed no evidence of cardioprotection. Thus, it is unlikely that the overall higher RPP in the ADO + LID0 masked a cardioprotective effect.
Role of lidocaine in morbidity and mortality
In the present study, we included a lidocaine plus adenosine group to determine if the presence of lidocaine was necessary to observe a cardioprotective effect of adenosine in this model system. The dosing regimen used in this study was the same as that used by Homeister et al.
[18] who showed that rapid bolus infusion of lidocaine resulted in substantial plasma lidocaine levels measured 15 min after occlusion and 45 min of reperfusion. Although the inclusion of lidocaine with adenosine did not alter infarct size, the incidence of ventricular fibrillation refractory to cardioversion was unexpectedly increased. Seven of the 15 dogs in the lidocaine-plus-adenosine group suffered a lethal episode of ventricular fibrillation within 2-4 min of coronary occlusion. Of the remaining dogs (control and control plus adenosine-alone groups; total 12 = 221, only two suffered lethal occlusion VF, and in both of those dogs the onset was at approximately 15-20 min after occlusion. The previous studies using adenosine plus lidocaine [ 18,191 did not report any increased incidence of dysrhythmias or ventricular fibrillation.
The reason for the increased incidence of occlusion VF observed in this study is not clear. The slightly higher mean heart rate and systolic blood pressure in the adenosine plus lidocaine group hypothetically may have contributed to the increased incidence of VF. However, we have observed no relationship between baseline hemodynamic parameters and ventricular fibrillation in this or any other experimental group. As noted above, there was no significant difference in heart rate, systolic or diastolic blood pressure, or rate-pressure product between the ADO + LID0 subgroup which lived versus the subgroup which developed VF and died.
Even though lidocaine usually acts as an anti-arrhythmic drug, there have been several reports in the literature of pro-arrhythmic effects. For example, Anderson et al. reported that sustained polymorphic ventricular tachycardia (VT) occurred in 6 of 16 lidocaine-treated dogs subjected to rapid pacing, but no dogs suffered VT with either lidocaine alone or rapid pacing alone [25] . Patterson et al. showed, in conscious and anesthesized dogs 4-7 days post-myocardial-infarction, that bolus intravenous administration of methyl lidocaine may actually promote the formation of new re-entry pathways [26] . In addition, the same investigators have suggested that lidocaine may play a proarrhythmic role in animal models of acute as well as long-term ischemia [27-291.
Summary and conclusions
The present study showed that intravenous adenosine treatment during reperfusion (150 pg/kg/min) did not significantly limit infarct size following 90 min of regional ischemia in canine myocardium. Furthermore, administration of adenosine in lidocaine-treated dogs also did not limit infarct size. Finally, the addition of lidocaine resulted in much higher mortality than control and adenosine-alone treated groups.
